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packing of spherical grains, allowing account of the complex topology of the GWI which 
cannot be realized with a two-dimensional (2D) model. Since mass transfer limitations 
across the porous hydrate film are considered to dominate the film growth rate [Sum et 
al., 2009], we exclude the effect of heat transfer in our model. Given the low hydrate 
saturations formed within the short time frame considered here, we also exclude the 
effect of the related salinity variations. 

 
 

 
Figure 18: Two-dimensional schematic picture of a hydrate film (in grey) formed at the gas-water 
interface. The inset shows the radius of curvature of two types of surfaces: (1) at the pore throats, r1; and (2) 
coating the sediment grains, r2. The 3D numerical sample used in our model allows account of the complex 
hydrate film topology, e.g. connectivity around grain contacts. 
 

Crucial in our model is the account of mechanical instability of the hydrate shell that 
forms around a gas body. Cracking of a hydrate shell growing around a methane bubble 
immersed in water was observed in an experiment by Sun et al. [2007]. We hypothesize 
that a similar failure occurs in the weakest parts of a hydrate film within sediments. In a 
finite body of gas which is not recharged by an external source, the instability arises 
because of the gas pressure drop associated with the consumption of methane as it is 
converted to hydrate, see Figure 19.  
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Figure 19: Hydrate precipitates as a thin layer around the gas-water interface. The volume occupied by 
hydrate is less than that of its stoichiometric components. Thus if the hydrate layer is rigid, the pressure 
inside the volume of gas will decrease, eventually leading to mechanical instability and rupture of the 
hydrate shell. This is a potential mechanism for enhancing the mobility of methane gas and providing 
additional gas-water interface area. 
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We note that some of the methane that diffuses across the hydrate film may dissolve in 
the water without increasing the width of the hydrate film; in our model, we neglect 
variations in dissolved methane saturations and assume that all the gas which diffuses 
through the hydrate film is consumed by further hydrate formation. We will relax this 
assumption – and model hydrate dissolution in water – at a later stage. 

Upon rupture of the hydrate film, direct gas-water contact is regained and water may 
imbibe into the drained pores. We simulate imbibition through the ruptured hydrate film, 
accounting for its arrest due to increase in gas pressure as the volume occupied by a fixed 
number of methane moles shrinks.  

 

2. Simulation of hydrate growth and gas-water meniscus readjustments  

To simulate the initial stages of hydrate growth, including the gas pressure drop and the 
stability of the hydrate film, one must evaluate the distribution of methane among the 
different phases, i.e. the number of moles and volume of methane in the gas and hydrate 
phases. To do so, we make several simplifying assumptions regarding the geometry and 
topology of the hydrate film.   

 

2.1 Rate of hydrate film thickening and the associated timescales 
The increasing thickness and density of the hydrate film reduce the rates in which 
methane diffuses across the film, making the growth rate highly nonlinear [Taylor et al., 
2007]. In our simulations, we increase the film thickness by uniform increments. Thus, 
the timescales associated with incrementing the film by a unit thickness at later stages are 
much larger than those at the beginning of the process. To represent the mass-transfer 
limitations, we assume the growth rate becomes negligible in pores in which the film 
thickness becomes greater than a certain threshold (e.g. ½ of the pore radii). We note that, 
while growth rates in these pores may be negligible within the short time frame of our 
current model, significant growth can occur over longer time periods. 

 

2.2 Hydrate volume 
Assuming a thin film, we compute the methane volume, VH, as the product of the GWI 
area, AGWI, and the film thickness, ξ. The total interfacial area AGWI is evaluated by 
summing over the area of individual surfaces from which the GWI is made. Each such 
surface is associated with a pore on the gas side of the GWI, and includes two pieces: a 
film across the pore throat (type 1), and a film coating parts of the grains that define that 
throat (type 2); cf. Figure 18. In our model, each pore is defined by 4 grains, where each 
throat is associated with 3 grains. Using analogy with hexagonal packing of spheres, the 
area of each surface is the sum of a type 1 film and 3 parts of grain coating (type 2), 
where each part makes for 1/6 of the coating of a single grain. The area of each film type 
is approximated by assuming that it has the shape of a hemispherical cap, making the area 
of each surface equal to 2πr1

2 + πr2
2, where r1 and r2 are the radii of the caps near a throat 

and coating the grains, respectively. Here, r1 = (rth + rp)/2, r2 is the arithmetic average of 
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the grain radii, rth is the Haines insphere radius of the throat and rp is the effective radius 
of the gas pore, evaluated by rp = (4/3πVp)

1/3 where Vp is the pore volume. 

 

2.3 Gas pressure reduction due to hydrate growth  
The reduction in gas pressure due to increase in methane consumption to form hydrate is 
evaluated using the ideal gas law, pgVg = ngRT, where pg and Vg are the gas pressure and 
volume, ng is the number of methane moles, T is the sediment temperature (assumed 
uniform), and R=8.314J/(K mol) is the gas constant. Improving the model accuracy by 
using nonlinear equation of state (EOS), e.g. see Part 1 of this report, is straightforward. 
Following each incremental change in film thickness, dξ, the associated pressure 
increment is computed by dpg = dngRT/Vg. Since growth occurs into the water phase, Vg 
remains fixed and the pressure changes linearly with the number of moles. Assuming 
perfect conversion of gaseous methane to hydrate, i.e. complete filling of the hydrate 
cages with methane and negligible methane dissolution in water, dng = -dnH, where  
dnH = ρHVH/MH is the number of hydrate moles formed at that incremental growth event. 
Here, ρH, VH, and MH are the hydrate density, volume, and molar mass, respectively. 
These assumptions could be relaxed by replacing the 1:1 ratio with dnH = -ωdng, where 
the value of ω denotes the overall efficiency of methane to hydrate conversion.  

 

2.4 Rupture of hydrate film 

Following the experimental observations of wilting and cracking of a hydrate shell 
growing around methane bubble [Sun et al., 2007], we assume that portions of the 
hydrate film along the GWI which reside in the pore throats may fail in a similar fashion. 
The mechanical stability of the films is evaluated using a linear buckling analysis for a 
spherical cap [Zoelly, 1915]. Assuming each hydrate film within a throat is made of 
isotropic, homogenous, linearly elastic material, the critical buckling pressure is  
pcr = [2EH(ξ/r1)

2]/[3(1-νH
2)](1/2), where EH and νH are Young modulus and Poisson ratio of 

the hydrate film. Thus, a film of curvature 1/r1 will fail if pw–pg> pcr, where pw is the 
water pressure. Assuming uniform hydrates stiffness in all pores, the film will rupture 
first in the pore which has the smallest thickness to radius ratio, ξ/r1.  

 

2.5 Imbibition following film rupture  

We simulate imbibition through the ruptured film, accounting for the increase in gas 
pressure: following the imbibition of each pore we determine if pg suffices to halt 
imbibition. The pressure following imbibition is computed according to the ideal gas law: 
pg = pg,0Vg,0/Vg, where subscript 0 denotes the value prior to imbibition of the current 
pore. We assume that the rate of water diffusing through intact portions of the hydrate 
film is negligible relative to that through the ruptured portion, and consider imbibition 
only at locations in which direct gas-water contact is regained. Considering the short 
timescale associated with GWI readjustments relative to that of hydrate growth, growth is 
not simulated during imbibition. The computational procedure is outlined below. 
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Since, by definition, pw > pg at failure, the pore on the gas side of the ruptured throat is 
always imbibed. If pg allows further imbibition, the order in which additional pores will 
be imbibed is determined according to their radius – the drained pore of maximum radius 
among all candidates is selected. The list of candidates for imbibition initially includes 
only the gas pore connected to the ruptured film. As imbibition continues, additional 
drained pores which become in direct contact with water are added to the list.  

 

2.6 Further hydrate growth following film rupture and imbibition 
Prior to an imbibition event, the hydrate film is contiguous, and its thickness is assumed 
uniform. We note that if capillary inhibition is important, it may lead to faster growth in 
larger pores [Clennell et al., 1999]. Since we use numerical samples with a relatively 
narrow grain-size distribution, we neglect such effect. Following an imbibition event, a 
new hydrate film will grow along the freshly-exposed GWI, and growth rates at different 
portions of the sediment will differ. Our preliminary results show that film rupture and 
imbibition either occurs immediately after the film growth begins, i.e. while the film is 
extremely thin, or do not occur at all. Therefore, we assume a uniform growth rate in all 
pores. 

Once pg is sufficiently large to halt imbibition, another growth cycle is simulated in all 
“active” parts of the hydrate film. Parts of the hydrate film within pores that has been 
imbibed, as well as those previously ruptured, are considered “inactive”. This distinction 
is related to the methane availability - inactive portions are no longer in direct contact 
with gas. For the same reason, inactive portions are not considered as candidates for 
rupture. While these inactive portions may not play an important role in the short–term 
hydrate growth, they may contribute to the long-term hydrate distribution, e.g. as 
nucleation points for hydrate growth following gas recharge and meniscus 
rearrangements. Growth-imbibition cycles are simulated until growth stops due to mass 
transfer limitations (see Section 2.1).  

 

2.7 Effect of salinity 

Hydrate formation excludes salt and temporarily increases the salinity of the remaining 
liquid water [Haeckel et al., 2004; Hester and Brewer, 2009]. We compute the salinity 
increase during the hydrate film growth, and evaluate the associated depression in 
hydrate equilibrium temperature, ΔTeq. As a first approximation, we estimate ΔTeq from 
the following empiric relation: ΔTeq= -30mcl/msol, where mcl and msol denote the mass of 
the salt (only chlorine is considered here) and the solution, respectively [Garg et al., 
2008]. The reduction in equilibrium temperature Teq reduces the rate of growth, and 
possibly prohibits growth if Teq falls below the sediment temperature. Note that the local 
sediment temperature will also rise temporarily due to the latent heat of the exothermic 
formation process. However, since the coefficient of heat diffusion is much smaller than 
that of salt, it is reasonable to neglect the effect of latent heat [Clennell et al., 1999]. 
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2.8. Impact of hydrates on the mechanical properties 

Hydrate crystals formed at the GWI are expected to act as cement between the sediment 
grains, due to the presence of residual water around the contacts as pendular rings or 
capillary bridges. Significant increase in seismic velocities following formation of 
hydrate at low saturations of 3-5% implies that, in samples with high gas saturation, 
hydrates cement the grains [Priest et al., 2005]. 

The effect of hydrate forming intergranular cement will be most noticeable in 
unconsolidated sediments. Experiments show that the addition of small amounts of 
cement around the grain contacts, even if the cement material is much softer than the 
grains, results in a significant increase of the bulk stiffness [Bernabe et al., 1992]. In 
cemented sediments, additional cement will tend to grow into the pore bodies, thus 
having a smaller effect on the effective sample stiffness [Dvorkin et al., 1999]. However, 
cement will have a significant effect on the overall stiffness if deposited along a fracture 
in consolidated sediment.  

Here, we focus on on the mechanical effect of hydrate in unconsolidated sediments. In 
our model, hydrates are represented by intergranular cement between the grains that 
define the pore throats in which hydrate grows, see Section 2.2. We employ the parallel-
bond cement model [ITASCA, 2008]. 

  

3. Simulation results  

3.1 Hydrate distribution in the pore space 

To demonstrate the effect of the different mechanisms involved in hydrate formation on 
the sediment dynamics, we compare simulations using two types of sediments: fine- and 
coarse-grained sediments, denoted hereafter by FGS and CGS respectively. The drainage 
endpoint at the first percolation threshold for both FGS and CGS consolidated sediment 
samples is shown in Figure 20. The more ramified invasion pattern in CGS increases the 
relative contact area between gas and water and leads to an initially larger hydrate 
saturation upon creation of a thin hydrate film. Enhancing the gas-water contact improves 
the ability of the methane to traverse the porous hydrate film, which can increase both the 
rate and the short-term hydrate saturations [Wang et al., 2008]. Moreover, the larger area 
to volume ratio of the gas body in CGS (320 unit surfaces for the sample in Figure 20) 
promotes the gas pressure drop with film thickening. The rapid pressure drop together 
with the larger radius of curvature of the hydrate film in CGS lead to multiple imbibition 
events, regaining direct connectivity of gas and water and forming new hydrate films 
within the formerly drained region. Eventually, one is left with sediment which contains 
many interconnected pieces of hydrate films (455 unit surfaces in the CGS). 

The situation is completely different in FGS: the initially smaller gas area to volume ratio 
(182 unit surfaces) leads to slower decrease in gas pressure upon hydrate growth. 
Furthermore, the smaller radius of curvature inhibit hydrate film rupture, and thus the 
film will grow in thickness in an increasingly slower rate due the mass transfer limitation. 
The hydrate film remains stable, protecting the gas blob from being rapidly converted 
into hydrate.  
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Figure 20: Drainage endpoint at the first percolation threshold for a coarse- (CGS, left) and fine-grained 
(FGS, right) consolidated sediment. The picture shows the pores invaded by gas as spheres of equivalent 
volume to that computed from the tessellation. The invasion in the CGS (mean grain diameter of 0.12mm) 
is characterized by a more ramified pattern and with larger gas saturation (2.5% and 2.2% of pore volume 
and total number of pores) relative to the FGS (mean grain diameter of 0.12µm, saturation of 1.9% and 
1.3%, respectively). The difference is due to the preferential flow caused by mechanical deformation in 
FGS. The deformation in FGS is associated with the larger capillary pressures, pc=pg–pw, 2.6MPa, vs. 
0.3KPa in CGS. 
 
Another set of simulations was conducted in unconsolidated sediments. The invasion 
pattern for CGS and FGS is shown in Figure 21. We stress that while the samples used in 
these simulations lack cohesion related to intergranular cement, meniscus pinning due to 
surface tension at the GWI near the contacts (in the form of pendular rings or capillary 
bridges) provides additional source of cohesion. The effect of meniscus pinning on the 
sediment mechanics and consequently on the flow pattern is significant in unconsolidated 
FGS, however negligible in CGS or strongly-cemented sediments.  
 
 

Figure 21: Drainage endpoint at the first percolation threshold for a coarse- (CGS, left) and fine-grained 
(FGS, right) unconsolidated sediment. The picture shows the pores invaded by gas. The invasion pattern in 
the CGS (mean grain diameter of 0.1mm) is more ramified, with larger gas saturation (8.7% and 8.2% of 
pore volume and total number of pores) than the FGS (mean grain diameter of 0.1µm, saturation of 5.9% 
and 5.5%, respectively). Percolation capillary pressures are 4.2MPa and 4.0KPa in the FGS and CGS. 
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Figure 21 shows that similarly to the simulations with cemented samples, the more 
ramified invasion pattern together with the lower radius of curvature in CGS leads to 
failure of the hydrate film and imbibition, whereas in FGS the film remains intact and 
protects the gas from further conversion into hydrate. Also similar is the short-term 
hydrate saturation, with imbibition increasing the number of unit surfaces from 969 to 
1046 in CGS, vs. only 672 surfaces in FGS. The mechanical effect of hydrate formation, 
however, is very different than that for consolidated sediments, see Section 3.2. 

Finally, we note that in both CGS and FGS, since the hydrate saturations associated with 
the thin films are extremely small, the effect of salinity is negligible. For instance, for the 
consolidated samples in Figure 20, the temperature rise is ~0.3°C. Thus, unless the 
sediment is close to the thermodynamic stability limit (e.g. less than 5m above the base of 
the HSZ for a geothermal gradient of 55°C/km), such depression will have a negligible 
effect on the formation rate. Similarly, the effect of the latent heat of hydrate formation is 
expected to be negligible. 

 

3.2 Effect of hydrate formation on the mechanical properties 
Here, we demonstrate the impact of hydrate on the mechanical effect of hydrate 
formation using the unconsolidated samples in Figure 21. In Table 1, we compare the 
elastic moduli of the CGS and FGS evaluated before and after the hydrate formation, that 
is without and with intergranular cement in throats where hydrates form. The parallel-
bond cement material [ITASCA, 2008] was assigned normal and shear stiffness 10 times 
smaller than the corresponding average intergranular stiffness values, radius multiplier of 
1, and large strength to prohibit breakage. The small perturbations applied in evaluating 
the moduli justify the latter assumption. 

We characterize the mechanical properties through the elastic moduli. The moduli are 
evaluated by simulating a triaxial test, applying small compressive strain increments 
(0.01 milistrain) in the axial direction (here y) and zero strain at the lateral direction (x, z). 
The strains are applied by incremental boundary displacements. The change in stresses, 
measured from the total forces acting on the boundaries, in response to these 
perturbations provides the effective moduli using Hooke’s law for a homogeneous, 
isotropic, linearly elastic material [Landau and Lifshitz, 1986]. Two independent moduli, 
e.g. Young’s modulus, E, and Poisson’s ration, ν, are evaluated from Hooke’s law. Table 
1 also provides additional moduli, computed using the interrelations between the moduli. 
All moduli in Table 1 are evaluated from the two equations describing Hooke’s law in the 
x and y directions. During the triaxial test simulations we keep the fluid pressures fixed, 
effectively measuring the drained moduli. 

In our model, to reduce boundary effects associated with the solid-fluid coupling we 
separate the solid and fluid domains by defining an inner portion of the granular pack as a 
“fluid region”, while granular mechanics is simulated within the entire pack. 
Consequently, cementation associated with hydrate formation will be restricted to that 
region only. Since we evaluate sample-averaged stress and strain values from the forces 
and displacements at the sample boundaries, the values in Table 1 underestimate the 
effect of hydrate formation on the mechanical properties. Nonetheless, the results clearly 
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show that formation of hydrate as intergranular cement will increase the sample stiffness, 
here by ~10%.  

 

Table 1: Elastic moduli of the sediment sample evaluated before and after hydrate formation, which is 
represented by intergranular cement. E, G, and K are in GPa. Change (in %) is positive for increase. 

 E G K ν 

CGS - Before 1.51 0.65 0.75 0.16 

CGS - After 1.66 0.72 0.82 0.16 

CGS – Change 10% 11% 9% -2% 

FGS - Before 1.58 0.67 0.81 0.17 

FGS - After 1.78 0.76 0.90 0.17 

FGS – Change 13% 13% 12% -2% 

 

4. Discussion  
The conceptual model presented in this work provides a feasible explanation for the 
strikingly different hydrate distribution and saturation in fine- and coarse-grained marine 
sediments. Based on experimental observations, we have assumed that hydrate starts 
forming as a thin film along the GWI, and describe its short-time growth into the adjacent 
pores. Using a numerical sample in the form of a disordered packing of spherical grains, 
we determine the location of the hydrate film and quantify the relation between the 
hydrate volume and the drop in methane pressure. Experiments show that growth is 
quickly arrested due to mass transfer limitations that evolve as the hydrate film gets 
thicker and denser. Simple calculations using thermodynamics arguments show that the 
resulting hydrate saturations are very small, and that methane will remain in its own 
phase unless another mechanism becomes dominant. We propose that this mechanism is 
the mechanical rupture of the hydrate film as a result of the drop in gas pressure, and 
estimate the conditions for rupture using linear elastic buckling analysis. Following 
rupture of the hydrate film we simulate imbibition into the gas body. 

Our simulations show that in CGS, multiple cycles of film growth, rupture and imbibition 
result in disseminated hydrate distribution, whereas in FGS the film remains stable and 
the gas will remain in its own phase for longer periods. An experimental investigation to 
validate our model is underway. These findings may also have important consequences 
on the long-term hydrate saturations. Since in gas-rich sediment hydrate formation is 
expected to act as intergranular cement, variations in hydrate saturation and distribution 
will strongly impact the mechanical properties of the sediment. Finally, we stress that the 
connectivity of the gas, and consequently its ability to traverse the sediment, are strongly 
affected by the hydrate distribution. The different storage and transport properties of CGS 
and FGS are expected to play a significant role in the global carbon cycle.  
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